The role of the magnetic field in the formation of the filamentary structures observed in the interstellar medium (ISM) is a debated topic due to the paucity of relevant observations to test existing models. The Planck all-sky maps of linearly polarized emission from dust at 353 GHz provide the required combination of imaging and statistics to study the correlation between the structures of the Galactic magnetic field and of interstellar matter over the whole sky, both in the diffuse ISM and in molecular clouds. The data reveal that structures, or ridges, in the intensity map have counterparts in the Stokes Q and/or U maps. We focus our study on structures at intermediate and high Galactic latitudes, which cover two orders of magnitude in column density, from 10 20 to 10 22 cm −2 . We measure the magnetic field orientation on the plane of the sky from the polarization data, and present an algorithm to estimate the orientation of the ridges from the dust intensity map. We use analytical models to account for projection effects. Comparing polarization angles on and off the structures, we estimate the mean ratio between the strengths of the turbulent and mean components of the magnetic field to be between 0.6 and 1.0, with a preferred value of 0.8. We find that the ridges are preferentially aligned with the magnetic field measured on the structures. This statistical trend becomes more striking for increasing polarization fraction and decreasing column density. There is no alignment for the highest column density ridges. We interpret the increase of alignment with polarization fraction as a consequence of projections effects. We present maps to show that the decrease of alignment for high column density is not due to a loss of correlation between the distribution of matter and the geometry of the magnetic field. In molecular complexes, we also observe structures perpendicular to the magnetic field, which, statistically, cannot be accounted for by projection effects. This first statistical study on the relative orientation between the matter structures and the magnetic field in the ISM points out that, at the angular scales probed by Planck, the field geometry projected on the plane of the sky is correlated with the distribution of matter. In the diffuse ISM, the structures of matter are preferentially aligned with the magnetic field, while perpendicular structures appear in molecular clouds. We discuss our results in the context of models and MHD simulations, which attempt to describe the respective roles of turbulence, magnetic field, and self-gravity in the formation of structures in the magnetized ISM.
Introduction
The filamentary appearance of the interstellar medium (ISM) has been revealed over the last decades by observations of dust emission, stellar reddening, and gas, mainly CO and H i, line emission (see Hennebelle & Falgarone 2012 , for a recent ISM review). Most recently, Herschel maps of dust emission at farinfrared wavelengths have identified gravitationally bound filaments as the loci where stars form (André et al. 2010) . Filaments are ubiquitous in interstellar space and essential to star formation, but our understanding of how they form is still fragmentary.
Filaments are striking features in numerical simulations of the diffuse ISM and molecular clouds (e.g., Heitsch et al. 2005; Nakamura & Li 2008; Gong & Ostriker 2011; Hennebelle 2013) . They are present in both hydrodynamic and magnetohydrodynamic (MHD) simulations, but they are more conspicuous in the latter. These studies relate the filamentary appearance of the ISM to compression and shear driven by turbulence, and the anisotropic infall of gravitationally unstable structures. Soler et al. (2013) find that, statistically, the orientation changes, from parallel to perpendicular, for gravitationally bound structures in simulations where the magnetic field is dynamically important.
The role of the magnetic field in the ISM dynamics depends on the field strength with respect to gravitational and turbulent energies. In the diffuse ISM, the magnetic field dominates the gas self-gravity, while stars can form where and when gravity prevails. On what spatial and time scales does this transition in the ratio between magnetic and gravitational energies occur? This question has been addressed by theorists in several ways. Ambipolar diffusion (Ciolek & Mouschovias 1993) , also including turbulence (Zweibel 2002) , or magnetic reconnection (Lazarian & Vishniac 1999) , can decouple matter from the magnetic field. Furthermore, gas motions along field lines contribute to condense the matter without increasing the magnetic flux. This has been suggested for the formation of molecular clouds (Blitz & Shu 1980; Hartmann et al. 2001; Hennebelle et al. 2008; Heitsch et al. 2009; Inoue & Inutsuka 2009 ) and that of gravitationally bound filaments within gas sheets (Nagai et al. 1998 ). The gas is expected to flow mainly along field lines where turbulence is sub-Alfvénic due to magnetic tension (Hennebelle & Pérault 2000; Heyer & Brunt 2012) .
The challenge faced by observers is to gather the data necessary to characterize the interplay between gravity, turbulence, and magnetic fields from the diffuse ISM to star-forming molecular clouds. A wealth of data is already available to quantify the gas self-gravity and turbulence (Hennebelle & Falgarone 2012 ), but we have comparatively little information on the magnetic field strength and its structure within interstellar clouds (Crutcher 2012) . The dearth of data on the magnetic field follows from the difficulty to perform the relevant observations. Measurements of the magnetic field components along the line of sight and on the plane of the sky using the Zeeman effect and linear dust polarization, respectively, are notoriously difficult. The correlation between the magnetic field structure and interstellar matter has been investigated using the polarization of background starlight caused by dichroic absorption. A number of studies have targeted filaments in dark clouds (e.g., Goodman et al. 1990 Goodman et al. , 1995 Pereyra & Magalhães 2004; Alves et al. 2008; Chapman et al. 2011; Cashman & Clemens 2014) , and in the diffuse ISM at lower column densities (McClure-Griffiths et al. 2006; Clark et al. 2014) . Li et al. (2013) present evidence for a bimodal distribution of relative orientations within molecular * Corresponding author: andrea.bracco@ias.u-psud.fr clouds. All of these studies rely on polarization observations for discrete lines of sight selected by the availability of background stars, and often the magnetic field orientation is not measured at the position of the filaments but on nearby lines of sight.
The Planck 1 satellite has recently completed the first allsky map of dust polarization in emission. This is an immense step forward in brightness sensitivity and statistics from earlier polarization observations at sub-mm wavelengths, which have mapped bright sources at higher angular resolution than Planck (e.g., Ward-Thompson et al. 2009; Koch et al. 2010; Poidevin et al. 2014; Matthews et al. 2014) . While only ground-based observations provide the angular resolution required to measure the polarization of pre-stellar cores (Matthews et al. 2009 ) and to image dust polarization in distant molecular clouds (Li et al. 2006; Tassis et al. 2009 ), the Planck data are unique in their ability to map the dust polarization of filamentary structures in the solar neighborhoud. For the first time, we have the data needed to characterize statistically the structure of the Galactic magnetic field and its coupling to interstellar matter and turbulence at physical scales relevant to the formation of interstellar filaments.
The data are revealing a new view of the sky that we have started to explore. A first description of the Planck polarization maps at 353 GHz is presented in Planck Collaboration Int. XIX (2014) and Planck Collaboration Int. XX (2014) . These first two papers describe the statistics of the polarization angle ψ (perpendicular to the magnetic field orientation projected on the plane of the sky) and polarization fraction p. Planck Collaboration Int. XX (2014) show that the statistics of the data on ψ and p compare well with those measured on a MHD simulation of a molecular cloud formed at the interface of two colliding flows. A major finding of this paper is that the statistics of ψ and p depend on the direction of the mean magnetic field. Here, we pursue our analysis of the Planck dust polarization sky, focusing on the polarization properties of the localized filamentary structures, alternatively called ridges, identified in the Stokes I map. We use the Planck data to determine and compare the orientation of the filamentary structures and that of the magnetic field projected on the plane of the sky.
The paper is organized as follows. The Planck data we use are introduced in Sect. 2. Section 3 presents sky images that emphasize the correlation between structures in polarization and corresponding features in intensity. The selection and characteristics of the regions where we compare the orientations of the magnetic field and that of the structures of matter are described in Sect. 4. Section 5 presents the magnetic field properties of the selected structures. Sections 6 and 7 focus on quantifying the relative orientation of the magnetic field and the ridges in the diffuse ISM and molecular clouds. We discuss our results in the context of our present understanding of the formation of structures in the magnetized ISM in Sect. 8. The main results are summarized in Sect. 9. The paper has two appendices. Appendix A details how we measure the local orientation of the structures in the dust emission map and quantify uncertainties. In Appendix B, we present the model that we use to quantify projection effects and interpret the statistics of the angle between the magnetic field and the brightness ridges on the sky.
Data Sets
Planck observed the sky polarization in six frequency bands from 30 to 353 GHz (Planck Collaboration I 2014) . In this paper, we only use the data from the High Frequency Instrument (HFI, Lamarre et al. 2010) at the highest frequency, 353 GHz, where the dust emission is the brightest. This is the best-suited Planck map for studying the structure of the dust polarization sky (Planck Collaboration Int. XIX 2014; Planck Collaboration Int. XX 2014) .
We use the Stokes Q and U maps and the associated noise maps made with the five independent consecutive sky surveys of the Planck cryogenic mission, which correspond to the DR3 (delta-DX9) internal data release. We refer to previous Planck publications for the data processing, map-making, photometric calibration, and photometric uncertainties (Planck Collaboration II 2014; Planck Collaboration VI 2014; Planck Collaboration V 2014; Planck Collaboration VIII 2014) . The Q and U maps are corrected for spectral leakage as described in Planck Collaboration Int. XIX (2014) . As in this first Planck polarization paper, we use the IAU convention for the polarization angle, measured from the local direction to the north Galactic pole with positive values towards the east.
For the dust total intensity at 353 GHz we use the model map, D 353 , and the associated noise map, derived from a fit with a modified blackbody of the Planck data at ν ≥ 353 GHz, and IRAS at λ = 100 µm (Planck Collaboration XI 2014) . This map has a lower noise than the corresponding 353 GHz Stokes I Planck map. Further, D 353 is the dust specific intensity corrected for zodiacal emission, cosmic microwave background anisotropies, and the cosmic infrared background monopole.
The Q and U maps are initially at 4. 8 resolution, and D 353 at 5 . The three maps are in HEALPix format 2 with a pixelization N side = 2048. To increase the signal-to-noise ratio of extended emission, we smooth the three maps to 15 resolution using the Gaussian approximation to the Planck beam. We reduce the HEALPix resolution to N side = 512 (7. 1 pixels) after smoothing. To finely sample the beam, we also use the smoothed D 353 map with N side = 1024 in Appendix A. For the polarization maps, we apply the "ismoothing" routine of HEALPix that decomposes the Q and U maps into E and B maps, applies the Gaussian smoothing in harmonic space, and transforms the smoothed E and B back into Q and U maps at N side = 512 resolution. Most of our analysis is based on the Q, U, and D 353 maps, but we also use the maps of the polarization fraction p and angle ψ produced by Planck Collaboration Int. XIX (2014) . The contribution of the CMB polarization to the Q and U maps at 353 GHz is negligible for this study.
Structures in the polarization maps
We introduce dust polarization (Sect. 3.1) and present all-sky images highlighting localized structures in the dust Stokes Q and U maps correlated with corresponding features in intensity (Sect. 3.2).
Dust polarization over the sky
The integral equations of the Stokes parameters for linear dust polarization are defined in Planck Collaboration Int. XX (2014) (their Eqs. 5 to 7). For constant magnetic field orientation and 2 Górski et al. (2005) , http://healpix.sf.net polarization fraction along the line of sight, the Q and U parameters can be related to the total intensity, I , through
where γ is the angle between the magnetic field and the plane of the sky and ψ the polarization angle. The intrinsic polarization fraction of dust emission, p 0 , is given by
where C pol and C avg are the polarization and the average cross-sections of dust, as defined in Appendix B of Planck Collaboration Int. XX (2014), and R is the Rayleigh reduction factor, which characterizes the degree of dust grain alignment with the local magnetic field (Lee & Draine 1985; Hildebrand 1988) . The observed polarization fraction is
From Eq. (1), the localized structures in maps of dust polarization can come either from local variations of the magnetic field orientation, the intrinsic polarization fraction p 0 , or the total emission I map. The structure of the polarization sky depends also on the depolarization associated with the magnetic field structure in the volume sampled by the beam (Lee & Draine 1985; Planck Collaboration Int. XX 2014) , which is ignored in Eq. (1). The filamentary structures revealed by the maps of the local dispersion of the polarization angle, presented in Planck Collaboration Int. XIX (2014) and Planck Collaboration Int. XX (2014) , are structures associated with changes in the orientation of the magnetic field, because they do not correlate with structures in the dust I map. This paper presents a complementary analysis of the Planck polarization sky, focusing on structures that have a counterpart in the I map.
Visualization of the structures
Henceforth, we use Eq. (1) with the D 353 map for the total intensity I, and the Q and U maps at 353 GHz, which we write Q 353 and U 353 . We consider localized structures, which appear in the D 353 map as contrasted ridges with respect to the local and more diffuse emission, hereafter referred to as the background. To display these structures, we produce a low resolution background map, D • 5. The background value at this position is estimated from the mean of the 20 % lowest values. We show that our choice of the 20 % fraction is not a critical aspect of our data analysis in Sects. 5 and 6.1. The top panel in Fig. 1 shows the difference
which highlights localized features in the sky from low to high Galactic latitudes. We also make the background maps, Q 
shown in the bottom panel of Fig. 1 
Ridges in the dust emission map
In this section we describe how we identify and select the ridges in the D 353 map, where we will later compare the orientation of the magnetic field and that of the matter structures (Sects. 4.1 and 4.2). The selected structures are characterized in Sect. 4.3.
Detection of the ridges
Deciding where to compare the orientations of the magnetic field and structures of matter is an important step of our data analysis. We need an algorithm that selects pixels on localized structures, providing the orientation at each position on the sky. Thus, unlike what was done in analysing Herschel maps of molecular clouds in the Gould Belt (Arzoumanian et al. 2011 ), we do not seek to identify filaments as coherent structures. We also do not need to restrict the analysis to the crest of the filaments. These distinct requirements led us to make use of a different algorithm than that applied in these earlier studies.
To identify the structures, we use a Hessian analysis of D 353 . The Hessian matrix was also used to analyse Herschel images of the L1641 cloud in Orion (Polychroni et al. 2013) , and is related to analyses of the cosmic-web in cosmological large-scale structures (Pogosyan et al. 2009 ). This algorithm detects elongated and coherent ridges using a local determination of the curvature of the dust emission intensity. For each pixel in the D 353 map, we estimate the first and second derivatives with respect to the local Galactic coordinates (l, b) in order to build the corresponding Hessian matrix,
where x and y refer to the Galactic coordinates (l, b) as x = b and y = l cos b, so that the x-axis is pointing toward the north Galactic pole. By solving the characteristic equation of the Hessian matrix, we find the two eigenvalues,
The two eigenvalues define the local curvature of the intensity. The map of the minimum eigenvalue, λ − , displayed in the upper panel of Fig. 3 , highlights filamentary structures in D 353 . The Hessian matrix encodes the information about the local orientation of the ridges. The angle between the north direction and the eigenvector corresponding to λ − is perpendicular to the orientation angle θ of the crest of the ridge with respect to the north Galactic pole. This angle θ can be derived as
The computation of the orientation angle θ and its uncertainty, over the whole sky, is detailed in Appendix A. The Appendix also presents an independent algorithm, based on a method used by Hennebelle (2013) to analyze results from numerical simulations, where the orientation of structures is computed from the inertia matrix of the dust D 353 map. The two independent estimates of the orientation angle are in good agreement.
Selection procedure
The λ − curvature map highlights a complex bundle of filamentary structures, where the most significant ridges in D 353 intersect underlying features due to noise and background emission. To select interstellar matter structures, we build a mask based on three local criteria: intensity contrast with respect to the background map D BG 353 , curvature and signal-to-noise of the polarization fraction. The Magellanic Clouds and the Galactic plane within ±5
• in latitude are masked to focus on structures located in the solar neighbourhood. Hereafter, the masked pixels are the ones that we do not consider in the analysis. We also mask single-pixel regions produced by the selection criteria. Our final sample of ridges amounts to 4 % of the sky.
The details of the masking procedure are discussed in Appendix A. Here, we give a description of the main points. The first criterion defines a structure as a contrasted ridge in D 353 with respect to the local background. We introduce a threshold, ζ, on the brightness contrast:
We set ζ = 1 and checked that changing the value of ζ to 0.5 or 2 does not change our statistical results.
The second criterion eliminates the contribution of background emission to the curvature. We use a toy model of the sky to define a threshold, C T , which depends on the brightness of the background (see Eq. (A.2) in Appendix A), on the negative curvature: λ − < −C T . This criterion has its main impact at high Galactic latitudes.
The third selection criterion ensures a sufficient signal-tonoise ratio in polarized intensity. Since the uncertainty in the polarization angle depends directly on that in p (see Eq. (B.5) in Planck Collaboration Int. XIX 2014), with this criterion, we restrict our analysis to pixels where the polarization fraction and angle are well measured. We select all pixels with p/σ p > 3, where p and σ p are the polarization fraction and the corresponding error described in Planck Collaboration Int. XIX (2014) . The uncertainties in the angle have a median value of 3
• , and are smaller than 10
• for 98 % of the selected pixels. Two figures illustrate the selection procedure. The bottom panel in Fig. 3 displays the all-sky curvature map, where only the selected pixels are shown. As can be seen, our procedure does not bias the selection of the structures toward specific regions in the sky, but covers a wide range of Galactic latitudes. Figure 4 illustrates an expanded view of the Chamaeleon complex, highlighting the selected ridges in D 353 . Figure 5 displays the distribution function (DF) of the orientation angle θ from Eq. (9) for the selected structures as a function of Galactic latitude. The normalization of the DF is done by dividing the number of ridges in each bin of θ by the total number of selected ridges within each latitude bin. This total number is the same for all latitude bins. The DF does not present any preferred orientation of the structures in the Northern hemisphere, but there is a slight dip at θ = 0
• in the southern hemisphere, most noticeable for the highest latitudes.
Characterization of ridges
For each selected pixel, we compute the excess column density defined as
where the opacity at 353 GHz, τ 353 , is taken from Planck Collaboration XI ( Here, we explain how we estimate the mean gas density of the ridges using the curvature map. On the crest of a ridge, the first derivatives of the sky brightness with respect to Galactic coordinates are zero. The second derivative in the direction perpendicular to the ridge is λ − . Along this direction, the local variation of the brightness over an angular distance may be approximated by a second order Taylor expansion as
For all the selected structures we compute δD 353 for = 20 , the angular distance over which the derivatives of D 353 were computed (Appendix A). To estimate the mean gas density we first convert the brightness variation δD 353 into column density variation
We assume that the ridges have an angular thickness ∼ , because the Hessian algorithm selects structures on scales comparable to the distance over which the derivatives are computed. Provided that their extent along the line of sight is, on average, comparable to their thickness in the sky, the mean density may be expressed as
where the mean, ... , is computed over the selected pixels, and d is the distance to the ridges. We consider d = h/| sin b |, where h represents the effective scale height of the H i emission from the cold neutral medium (CNM) in the solar neighbourhood. For h = 100 pc (see Fig. 14 in Kalberla et al. 2007) , we find n H = 300 cm −3 , a value within the range of CNM gas densities. This conclusion is true even if the extent of the ridges along the line of sight is larger than their thickness in the sky.
Many of the selected structures are seen in H i maps, but their column densities and our density estimates are high enough that a significant fraction of the gas must be molecular (Planck Collaboration XIX 2011; Planck Collaboration XXIV 2011; Wolfire et al. 2010) , even if many of the selected ridges do not have a counterpart in the Planck CO map (Planck Collaboration XIII 2014). The mean distance of the selected structures is 430 pc × (h/100 pc).
The dispersion of magnetic field orientations
The orientation of the magnetic field in interstellar clouds has often been inferred from the polarization of starlight occurring in the environment around the clouds, e.g. Li et al. (2013) for molecular clouds and Clark et al. (2014) for the diffuse ISM. The Planck maps allow us to compare the polarization angles on the filamentary ridges with those measured on the nearby background. We present the DF of the difference of polarization angles in Sect. 5.1, and its modeling in Sect. 5.2 to estimate the ratio between the random and mean components of the magnetic field.
Difference between local and background polarization angles
We compute the polarization angles, for the ridges and the background, making use of Q 
The difference between the two polarization angles in Eq. (14), accounting for the 180 • degeneracy that characterizes both, can be expressed as δψ = 1 2 tan −1 sin 2α cos 2β − cos 2α sin 2β cos 2α cos 2β + sin 2α sin 2β ,
where α = ψ • to 180
• matching both the sine and the cosine values. The DF of δψ is presented in Fig. 8 . On the plane of the sky, the magnetic field orientation is perpendicular to the polarization angle. Thus, the DF of δψ characterizes the difference between the magnetic field orientations determined at two different scales: that of the ridges, at 15 (2 pc at the mean distance of 430 pc), and that of the local background, at 5
• (40 pc). The DF of δψ has a mean value of 0
• and a standard deviation of 40
• , much larger than what we expect from data noise (Sect. 4.2). Thus, we conclude that the magnetic field on the ridges is statistically aligned with the background field, but with a significant scatter.
We check that the DF of δψ does not depend on the method we used to compute the background maps. For our selection of pixels, the polarization angle, ψ between these two polarization angles, δψ str , computed with Eq. (15) where α = ψ Dif 353 and β = ψ 353 , is displayed in Fig. 9 . This distribution has a standard deviation of 15
• , which is smaller than that measured for δψ. This result follows from the fact that, on the selected ridges, the local structures have statistically a dominant contribution to the values of the Stokes Q 353 and U 353 parameters. We also compute the same DF varying the fraction of pixels used to estimate the background maps (Sect. 3.2) from 
Modelling of the distribution function
We present a model, detailed in Appendix B, which takes into account the projection onto the plane of the sky and relates the width of the DF of δψ to the ratio between the random and mean components of the magnetic field.
The model is built from 3D vectors V M (hereafter, the subscript M refers to the model) with a Gaussian distribution of orientations about a mean reference vector, V M0 . Each component of V M is an independent realization of a Gaussian field on the sphere, with an angular power spectrum equal to a power law of index α M = −1.5, to which we add the corresponding component of V M0 . By construction, the mean of V M is V M0 . The spectral index of the power spectrum allows us to introduce fluctuations about the mean direction correlated across the sky. This stochastic description of the field follows the early models proposed by Jokipii & Parker (1969) . The degree of alignment between V M and V M0 is parametrized by f M , the standard deviation of the modulus of the random component of V M normalized by |V M0 |. The DF of the angles between V M and V M0 in 3D, per unit solid angle, is close to Gaussian with a standard deviation, σ M , which increases with f M . The models quantify statistically the projection of the 3D direction of the magnetic field onto the 2D celestial sphere. They do not include any averaging due to the superposition of uncorrelated structures along the line of sight, as done by Jones (1989) and Myers & Goodman (1991) for the modelling of polarization data towards the Galactic plane and molecular clouds.
For each model, we compute the projections of V M and V M0 on the sky and the angle maps ψ M and ψ M0 with respect to the local direction of the north Galactic pole. We use Eq. (15) with α = ψ M and β = ψ M0 to compute the difference, δψ M , between these two angle maps. In Fig. 8 , we show the DFs of δψ M for f M ∈ [0.6, 1.0] as well as the model with f M = 0.8 that best matches the data. This value agrees with that inferred from the modelling of near-IR stellar polarization in the Galactic plane and molecular clouds by Jones (1989) . The comparison between the models and the data provides an estimate of the ratio between the amplitudes of the random (turbulent) and mean components of the magnetic field. The analogy with the data is such that ψ 1953; Hildebrand et al. 2009; Ostriker et al. 2001 ). This result is in agreement with the gas velocity dispersion and the magnetic field strength in the diffuse ISM inferred from H i Zeeman observations Heiles & Troland 2005) . It shows that turbulence in the CNM is trans-Alfvénic (Alfvénic Mach number about 1, Falceta-Gonçalves et al. 2008).
Alignment of the magnetic field and the matter structures in the diffuse ISM
We quantify the relative orientation between the magnetic field and ridges in the dust emission map. We present and discuss the statistical results from our data analysis in light of the Gaussian model in Appendix B, which takes into account projection effects. The global statistics presented in this section refer to the diffuse ISM because only a small fraction of the selected structures are within molecular clouds.
The alignment between the magnetic field and the matter structures
In order to calculate the relative orientation between the magnetic field and the ridges, we make a pixel-by-pixel comparison of the polarization angle ψ and the orientation angle θ of the ridges. We compute the difference, Θ, between the orientation of the ridge and that of the magnetic field inferred from the polarization angle, using Eq. (15) with α = ψ − 90
• and β = θ. In Fig. 10 , we show the DFs of Θ for the selected pixels, computed with ψ = ψ Fig. 10 leads to two main conclusions. First, the similarity between the DFs computed with and without background subtraction tells us that the background subtraction is not a critical aspect of our data analysis. This follows from the fact that, for the selected pixels, the polarized sig- nal is dominated by the contribution of the ridges. Second, the fact that the DF obtained when comparing θ with ψ BG 353 is almost flat indicates that the matter structures are preferentially aligned with the local magnetic field, rather than with the background field.
Correlation between alignment and polarization fraction
In spite of the predominant alignment of the interstellar matter structures with the magnetic field, all DFs in Fig. 10 show a broad dispersion, with a significant probability up to 90
• from the central peak. The widths of the DFs are much larger than those computed for the uncertainty in the polarization angle, and in the direction of the ridges in Appendix A.
The DFs of Θ combine the intrinsic scatter in the relative orientations between the matter structures and the magnetic field in 3D with the projection onto the plane of the sky. Thus, we expect the shape of the DF to depend on the orientation of the magnetic field with respect to the line of sight. Where the magnetic field orientation is close to the line of sight, the polarization angle on the plane of the sky does not strongly constrain the orientation of the field and, thereby, its relative orientation with the ridges in the dust map.
The analysis of the polarization maps, built from the 3D MHD simulation in Planck Collaboration Int. XX (2014), shows that the polarization fraction p in Eq. (3) traces cos 2 γ averaged over the line of sight (see their Fig. 21 ). Although p also depends on changes of the magnetic field orientation along the line of sight (Planck Collaboration Int. XIX 2014; Planck Collaboration Int. XX 2014), depolarization along the line of sight and within the beam does not preclude the use of p to statistically test the impact of projection effects on the DF of Θ. We do find that the relative orientation between the matter structures and the magnetic field depends on p. In Fig. 11 , we compare the DFs computed with ψ Dif 353 for all the selected ridges, for those with the • . For the model, the polarization fraction is the projection factor cos 2 γ M . We use for the models the same mask as for the data. The black line represents all the selected pixels. The orange (red) line refers to the structures with the 30 % highest (lowest) values of cos 2 γ M . This figure shows that projection effects may reproduce the same trends found for the data.
30 % highest values of p and for the lowest 30 %. The higher the polarization fraction, the sharper the peak at 0
• of the DF of Θ. To quantify the projection effects on the relative orientation, we make use of the model presented in Sect. 5 and Appendix B. Here, we make the assumption that the magnetic field can be decomposed into a component aligned with the orientation of the ridges and a random component with zero mean. In the model, the orientation of the ridges is fixed to the constant vector V M0 .
The degree of alignment between the field and the ridges is parametrized by σ M the standard deviation of the DF per unit solid angle of the angle between V M and V M0 . As an example, Fig. 12 shows the DFs of the angle differences between the projection onto the plane of the sky of V M (ψ M ) and V M0 (ψ M0 ) for σ M = 33
• . The plot compares the relative orientations for all the selected pixels and for those with the 30 % highest and lowest values of cos 2 γ M , hereafter the projection factor, where γ M is the angle between V M and the plane of the sky. These three DFs compare well with those of Θ in Fig. 11 . The Gaussian model, which takes into account projection effects, reproduces the main characteristics of the DFs computed on the data, including the dependence on the polarization fraction. The data and the model are further compared in the next section.
The ξ parameter: the degree of alignment
To quantify the variation of the DF of Θ, H(Θ), with the polarization fraction, we introduce a normalized version of the parameter used by Soler et al. (2013) to study the relative orientation between magnetic fields and density structures in MHD simulations. We compute an estimator of the probability of having Θ near 0
• as
where the subscript 'in' stands for inner range, and near ±90
where the subscript 'out' stands for outer range. We define the degree of alignment ξ as
The ξ parameter spans values between −1 and 1, depending on whether the DF peaks in the outer or inner range of angles, respectively.
In Fig. 13 , we study the dependence of ξ on p by binning the latter and keeping a constant number of pixels in each bin. For each bin of p, we compute H(Θ) and ξ and we find that, on the sky, ξ increases with p. We check that this dependence is not affected by noise. Using the error map from Planck Collaboration Int. XIX (2014), we compute a Gaussian realization of the noise in the polarization angle that we add to the data to increase the noise level by a factor √ 2. We find that the dependence of ξ on p, obtained for the noisier angle map, is the same as that in Fig. 13 .
In Fig. 13 , the data are compared with model results that show how ξ varies with cos 2 γ M for increasing values of σ M . We find that ξ correlates with the projection factor. The model that best matches the data has σ M = 33
• . This value of σ M corresponds to a preferred alignment, where the angle between matter structures and the magnetic field in 3D is within 45
• for about 80 % of the selected ridges.
For the data, unlike for the Gaussian model where p = cos 2 γ M , the polarization fraction depends on the line of sight depolarization. Depolarization results from the dispersion of the magnetic field orientation along the line of sight, and within the beam (Fiege & Pudritz 2000) . Planck Collaboration Int. XIX (2014) used maps of the dispersion of the polarization angle, S, to quantify local variations of the magnetic field orientation. Fig. 13 . Correlation between the degree of alignment, ξ, and the polarization fraction, p, for the selected pixels, both for data (black squares) and for the Gaussian models. The models are characterized by the following values of σ M : 15
• in green, 29
• in red, 33
• in magenta and 38
• in purple. The data values of p are normalized to the maximum value, p max , within the sample. For the models, p = cos 2 γ M . This figure shows that projection effects, probed by the Gaussian models, are likely to be the main cause of the correlation between ξ and p.
They defined S as
where |δ i | = δ. Planck Collaboration Int. XIX (2014) report a general trend where the regions in the sky with high (low) values of S have low (high) polarization fraction; the fractional variation of S is equal to that of p. S is an indicator of the depolarization along the line of sight. This interpretation is supported by Planck Collaboration Int. XX (2014), who point out that S, computed from their 3D MHD simulation, does not correlate with the mean projection factor of the magnetic field on the plane of the sky (see their Fig. 24 ). In Fig. 14, we plot ξ as a function of S computed on the data using the same binning procedure applied for p. We find a slight decrease of ξ versus S much smaller than the increase of ξ versus p. This result supports our interpretation of the dependence of ξ on p, which results primarily from the orientation of the field with respect to the plane of the sky.
Relative orientation between the magnetic field and the matter structures in molecular clouds
We extend our statistical analysis to molecular clouds characterizing how the degree of alignment between the matter structures and the magnetic field varies with column density. In Sect. 7.1, we show that the degree of alignment decreases for increasing column density. Maps of the relative orientation are presented for the Chamaeleon and Taurus molecular clouds in Sect. 7.2.
ξ versus ∆N H over the whole sky
We quantify the dependence of the degree of alignment ξ on the excess column density of the selected ridges ∆N H (see Sect. 4). We bin ∆N H , applying the same binning procedure as for p. We find that ξ is anti-correlated with ∆N H , as shown in Fig. 15 . The Planck polarization data show an overall anti-correlation between polarization fraction and column density (Planck Collaboration Int. XIX 2014; Planck Collaboration Int. XX 2014). We test that the decrease of ξ with ∆N H does not result from this variation of p with column density. In Fig. 16 , we present a map that characterizes the variations of ξ both as a function of p and ∆N H . We bin the selected pixels first in ∆N H and then in p, ensuring that we have the same number of elements for each bin of both variables. Given a 2D bin, we compute the corresponding H(Θ) and ξ. We then interpolate the ξ map over a regular grid of values for p and ∆N H . The map of ξ confirms the decrease of alignment from low to high excess col- umn densities and from high to low polarization fractions. The degree of alignment clearly depends on both p and ∆N H .
A glimpse into molecular clouds
The anti-correlation found between ξ and ∆N H suggests that at high column densities, within molecular clouds, the degree of alignment between the magnetic fields and matter structures decreases. To discuss this result we present maps of the Taurus and the Chamaeleon molecular clouds, as representative examples of molecular complexes in the solar neighborhood. For comparison, Fig. 18 illustrates two fields at intermediate Galactic latitudes, which sample the diffuse ISM. Figure 17 displays four panels, which show the extinction maps derived from the dust sub-mm opacity in Planck Collaboration XI (2014) next to the corresponding maps of alignment quantified by cos 2Θ. The cosine function spans values between −1 and 1, identifying structures that are perpendicular and parallel to the magnetic field, respectively. We stress that the cosine representation, chosen for visualization, stretches the contrast of the Θ distribution toward the extrema. On the extinction maps, we plot the vectors tracing the magnetic field orientation inferred from Q (Fig. 17) reveal some coherent structures where the magnetic field tends to be perpendicular to the interstellar ridges, in particular to those with the highest extinction, while in the diffuse ISM (Fig. 18 ), in agreement with the DFs of Θ presented in Sect. 6.1, there is a predominance of structures parallel to the magnetic field. Hence, the flattening of H(Θ) as a function of ∆N H might be associated with the presence of matter structures that are perpendicular to, rather than aligned with, the magnetic field, and not related to a loss of correlation between the field and the structure of matter.
In Appendix B, we show maps of cos 2Θ in Taurus and Chamaeleon computed with a Gaussian model where we set V M0 to zero in order to quantify the effect of projection onto the plane of the sky when the orientations of the magnetic field and the matter structures are uncorrelated. The spectral index used in the Gaussian realizations, α M = −1.5, introduces a correlation in the orientation of V M over the sky, which is independent of the structure of matter. The maps of cos 2Θ computed with this model, shown in Fig. B .4, present small black or white structures that appear perpendicular or parallel with respect to the magnetic field orientation. However, prominent elongated features, with the magnetic field oriented preferentially orthogonal to the matter structures, seen in the sky images in Fig. 17 , such as the Musca filament, are absent in the model images in Fig. B.4 . This difference suggests that in molecular clouds there is a significant number of matter structures, which tend to be perpendicular to the magnetic field. Such a pattern has been reported for molecular clouds in massive star forming regions from ground-based sub-mm polarization data (Tassis et al. 2009 ).
The Planck images should not be interpreted, however, as evidence for two distinct orientations, with depletion at intermediate angles. Such a bimodality was suggested by previous studies based on extinction data for dark clouds (Li et al. 2013 ) and MHD simulations (Soler et al. 2013) , but questioned by other observational studies (Goodman et al. 1990; Houde et al. 2004) . Our all-sky analysis does not show a significant turn-over in the statistics of relative orientation between the matter structures and the magnetic field, from the diffuse ISM to molecular clouds.
Due to projection effects, it is difficult to identify a bimodal distribution between magnetic fields and matter structures in a statistical way. To quantify this statement, we introduce a bimodal configuration of relative orientations in 3D between V M and V M0 in the Gaussian models (Appendix B) using a new model parameter η, which represents the fraction of sky pixels where V M is distributed about a second reference direction perpendicular to V M0 . Essentially, if η is the probability of having the mean of V M perpendicular to V M0 , then 1 − η represents the probability of having the mean of V M parallel to V M0 . So far, throughout the paper, the models have been used with η = 0. The dispersion of the distribution of angles, σ M , is the same for both directions. In Fig. 19 , we show the impact of the value of η on the DF of δψ M , for σ M = 33
• . Up to η = 0.7, the DF is nearly flat and does not indicate any turn-over in the relative orientations.
Discussion
This paper presents the first analysis across the whole sky comparing column density structures in the ISM with the orientation of the Galactic magnetic field. Previous studies focused on dark clouds (e.g., Goodman et al. 1995; Pereyra & Magalhães 2004; Alves et al. 2008; Chapman et al. 2011) where the magnetic field was found mainly, but not systematically, perpendicular to the long axis of the clouds. Our sample of ridges, built from the Planck dust map, is dominated by structures in the CNM of the diffuse ISM. For these structures we find a preferred alignment with the magnetic field projected on the plane of the sky. This trend disappears for the highest column densities in molecular clouds, where the data show coherent structures, which tend to be either parallel or perpendicular to the magnetic field.
In the next paragraphs, we discuss these observational results in light of models and MHD simulations, which attempt to describe the respective roles of the magnetic field, turbulence and the gas self-gravity in the formation of structures in the magnetized ISM.
The alignment between the magnetic field and matter structures in the diffuse ISM reported in Sect. 6 could be a sig- • . The distributions show the effects of projection onto the plane of the sky of the 3D relative orientations between V M and V M0 . The curves refer to four different configurations depending on η, the fraction of 3D perpendicular orientations between the two vectors. For the blue curve, η = 0. For the pink, red, and green curves, η is 0.5, 0.7 and 0.9, respectively. nature of the formation of CNM filaments through turbulence. Their formation could be initiated by a local compression that would trigger the condensation of cold gas out of the warm neutral phase (Audit & Hennebelle 2005; Inoue & Inutsuka 2009; Heitsch et al. 2009; Saury et al. 2014) . The shear of the turbulent flow would then stretch the gas condensations into structures, such as sheets and filaments, which would appear elongated in column density maps. These structures will tend to be aligned with the magnetic field if the gas velocity is dynamically aligned with the field (Brandenburg & Lazarian 2013) . Furthermore, where the velocity shear stretches matter into filaments, the field is stretched in the same direction, creating alignment, because the field is frozen into matter.
3 This interpretation was proposed by Hennebelle (2013) who found a strong correlation between the orientation of the density structures and that of the maximum shear of the velocity field in his MHD simulations. Although beyond the scope of this paper, from an observational point of view, the correlation between density structures and shear can be tested by looking for line-of-sight velocity gradients along filaments in H i and CO surveys. Where the filaments are inclined with respect to the plane of the sky, we can measure both the polarization angle and the radial component of the gas velocity.
For supersonic turbulence, gas sheets and filaments can also be formed by gas compression in shocks. For sub-Alfvénic turbulence (strong magnetic field with respect to turbulence), compression preferentially occurs where gas flows along the magnetic field lines, creating, thereby, structures perpendicular to the field. This cannot be the dominant process because we observe preferred alignment between matter structures and the magnetic field. For super-Alfvénic turbulence (weak magnetic field), gas compression also occurs for all directions of the shock velocity, enhancing the component of the magnetic field perpendicular to the shock velocity, because of magnetic flux conservation and freezing into matter. 4 In this case, shocks tend to form structures aligned with the field.
For the highest column density ridges in molecular clouds, the interpretation must also involve self-gravity, which is known to amplify anisotropic structure (Lin et al. 1965) . A gravitationally unstable cloud first collapses along the shortest dimension, forming a sheet, which subsequently breaks into elongated filamentary structures. The presence of a large-scale magnetic field can influence this effect, as the collapse can preferentially be along the mean field direction. Here, it is necessary to distinguish between sub-critical and super-critical structures (Mouschovias & Spitzer 1976) . When a gravitationally bound structure forms, gravitational and turbulent energies are comparable and turbulence is sub-Alfvénic (super-Alfvénic) for sub-critical (supercritical) structures. For sub-critical structures, the magnetic field is dynamically important and gravity pulls matter preferentially along field lines. As a consequence, in sub-critical clouds gravitationally bound sheets and filaments are expected to be perpendicular to the magnetic field. The presence of striations orthogonal to the high column density filaments in Herschel maps of nearby molecular clouds, such as Taurus, supports this scenario (Palmeirim et al. 2013) .
A bimodal distribution of orientations of structures with respect to the magnetic field is observed in numerical simulations. In their MHD simulations of molecular clouds, Soler et al. (2013) find a change in the relative orientation between matter structures and the magnetic field, from parallel to perpendicular, for gravitationally bound structures. This change is most significant for their simulation with the highest magnetization. We will need to combine our polarization data with velocity and column density measurements in order to test whether the perpendicularity between the magnetic field and the matter structures is a sign of filaments formed by self-gravity in magnetically dominated interstellar clouds.
Summary and perspectives
The Planck 353 GHz all-sky polarization maps provide unprecedented information, on the structure of the Galactic magnetic field and its correlation with interstellar matter. This is essential to test existing models and simulations of the interplay between the magnetic field, turbulence, and the gas self-gravity, which underlies the formation of the filamentary structures in the ISM.
Most of the structures (i.e. ridges) observed in the dust intensity map, outside the Galactic plane, are seen as coherent structures also in the dust Stokes Q and U maps. We performed a statistical analysis of the Planck data on these structures of matter, measuring their orientation from a Hessian analysis of the dust intensity map, and that of the magnetic field from the dust polarization. Our data analysis characterizes the variation of the magnetic field orientation between the structures and their local background, and the relative orientation between the structures and the magnetic field, with unprecedented statistics. Our sample of structures covers roughly 4 % of the sky and spans two orders of magnitude in column density from 10 20 to 10 22 cm −2 . In the following, we summarize the main results of our analysis.
We separated the polarized emission of the structures from that of the surrounding Galactic background within a few degrees on the sky. Comparing polarization angles, we estimate the ratio between the typical strengths of the turbulent and mean components of the field to be between 0.6 and 1.0, with a preferred value of 0.8. This result is in agreement with Zeeman H i observations indicating an approximate equipartition between turbulent and magnetic energies in the diffuse ISM.
We find that the interstellar matter structures are preferentially aligned with the magnetic field inferred from the polarization angle measured at the position of the structures. We introduced a parameter ξ that quantifies the degree of alignment between the orientation of the magnetic field and matter structures. We find that ξ increases with the polarization fraction p. We interpret this correlation in light of Gaussian models, which take into account the projection onto the plane of the sky of the 3D configuration between the magnetic field and the structures. Where the polarization fraction is low, the field tends to be close to the line of sight. In this configuration, the orientation of the magnetic field is not well constrained by the observations, because its projection onto the plane of the sky is a minor component of the field. This geometric interpretation of the correlation between ξ and p is supported by the weakness of the dependence of ξ on the local dispersion of the polarization angle. The Gaussian models best match the data for a standard deviation between the orientation of the magnetic field and that of the structures of matter of 33
• in 3D. We find that ξ decreases for increasing column density, and that there is no alignment for the highest column density. This result does not reflect an absence of correlation between the structures of matter and the magnetic field, at high N H . Structures that tend to be perpendicular to the magnetic field appear in molecular clouds, where they contribute to the statistics of relative orientations. We show maps of the Taurus and the Chamaeleon molecular complexes that support this interpretation.
We have presented the first analysis on the relative orientation between the filamentary density structures of the ISM and the Galactic magnetic field across the whole sky. The main outcome of this study is that, at the angular scales probed by Planck, the field geometry, projected on the plane of the sky, is correlated with the distribution of matter in the solar neighbourhood. In the diffuse ISM, the structures of matter are preferentially aligned with the magnetic field, while perpendicular structures appear in molecular clouds.
Our results support a scenario of formation of structures in the ISM where turbulence organizes matter parallel to the magnetic field in the diffuse medium, and the gas self-gravity produces perpendicular structures in the densest and magnetically dominated regions. This tentative interpretation on the role of turbulence in structuring interstellar matter may be tested by comparing the relative orientation of structures and the magnetic field with line-of-sight velocity gradients. It will also be interesting to apply our statistical analysis to MHD simulations of the diffuse ISM. Statistical analysis also needs to be complemented by detailed studies of specific structures in the diffuse ISM and in molecular clouds.
A.1. Implementation of the Hessian analysis
A general description of the Hessian analysis is presented in Sect. 4. Here, we detail how we compute the Hessian matrix for the dust map D 353 on its HEALPix grid. We compute the first derivatives of the D 353 map by performing a bilinear interpolation. We locally fit the dust emission with a linear combination of x = b and y = l cos(b) plus a constant, where l and b are the Galactic longitude and latitude. In order to well sample the computation of the derivatives, bilinear interpolation is performed on a region within a disc of 10 radius about each pixel of the HEALPix map. We select roughly 30 pixels at N side = 1024, around each pixel at N side = 512. The fit, performed with no weights, is equivalent to a first order Taylor expansion of D 353 . We repeat this procedure on the maps of the first derivatives to obtain maps of the four elements of the Hessian matrix in Eq. (7). The orientation angle θ of the brightness structures is computed using Eq. (9).
The bilinear interpolation provides error maps for the four coefficients of the matrix, computed under the assumption that the linear model is exact, i.e. assuming that the χ 2 of the fit per degree of freedom is 1. The errors on the elements of the Hessian matrix are propagated to θ. Since Eq. (9) is non linear, we compute the error map on θ from Gaussian realizations of the errors on the coefficients of the matrix. The uncertainty in θ, computed within bins of values of the D 353 map, is 12.6
• , independent of the intensity at 353 GHz (Fig. A.1) .
A.2. Test on a toy model of the sky
We have tested the Hessian algorithm on a toy model of the full sky T 353 built from a realization of a Gaussian map, G map , with an angular power spectrum, equal to a power law of index −2.8, computed with the procedure SYNFAST of HEALPix . The spectral index used is within the range of values found for power spectra of dust maps (Miville-Deschênes et al. 2007 ). The mean value of G map is 0. We form, • , 17
• , and 33
• for the DFs plotted in black, orange and red, respectively. The image shows that the method does not introduce any bias as a function of Galactic latitude in estimating θ.
where A, B, C, and D are four factors chosen to fit the latitude profile, and the longitude profile at Galactic latitude b = 0
• , measured on the D 353 map. The values of these factors, including their sign, depend on the realization of G map . The toy model matches the large-scale structure of the Galactic dust emission, but it does not have its filamentary structure, because it is computed from an isotropic Gaussian map. It assumes that the amplitude of the brightness fluctuations at a given scale is proportional to the brightness. This is in agreement with what has been reported for the emission at 100 µm of the diffuse ISM (MivilleDeschênes et al. 2007 ). We use the toy model to quantify the impact of the structure of the diffuse Galactic emission and data noise on the Hessian analysis.
We run the Hessian analysis on the T 353 map with and without data noise computed as a Gaussian realization of the noise map on D 353 . The DFs of orientation angles, computed for the model with added noise, are flat at all Galactic latitudes, as displayed in Fig. A.2 . We find no bias on the angle introduced by the large-scale gradient of the emission with Galactic latitude. We use the difference between the two angle maps computed on the T 353 map, with and without noise, to estimate the contribution of the data noise to the uncertainty in the Hessian angle (black dots in Fig. A.1 ). This uncertainty decreases for increasing values of T 353 (i.e., increasing signal-to-noise ratio). The fact that it is higher than the uncertainty estimated from the errors on the coefficients of the Hessian matrix, for most values of the sky brightness, is likely to be due to the non-Gaussian distribution of the uncertainties in θ.
The toy model is also used to determine the threshold on the curvature we adopt to select ridges in the sky. The map of negative curvature λ − (T 353 ) computed on T 353 shows filament-like ridges on small angular scales. We consider that the amplitude of these ridges provide an estimate of the noise on λ − from the structure of the background emission. To quantify this noise we compute the histogram of the λ − (T 353 ) map for 100 bins of T 353 values, with equal numbers of data points. In Fig. A.3 , we plot the 3σ of the distribution of −λ − versus T 353 , and the analytical fit to these values, To select brightness ridges, we use C T as a threshold on the negative curvature (see Sect. 4). The difference between the maximum and minimum eigenvalues of the Hessian matrix, λ + and λ − respectively, is greater than C T for 94 % of the selected ridges. This shows that we select elongated ridges rather than rotationally symmetric structures, for which λ + would be comparable with λ − . Fig. A .3 also shows the median value of −λ − , computed on the D 353 map within the mask defined by the contrast parameter ζ = 1 in Sect. 4.2, and the power law fit
The comparison of C T and C M shows that our selection of ridges relies mainly on the brightness contrast. The threshold C T on the curvature introduces a significant selection of sky pixels only for structures at high Galactic latitudes.
A.3. Comparison with an alternative method
To test the robustness of our methodology in finding the orientation θ of the ridges, we use an independent algorithm to compute the orientation of structures in the dust map. Hennebelle (2013) used the inertia matrix of the gas density to analyse structures in his MHD simulations. We adapted this method, computing the inertia matrix of the dust D 353 map. The off-diagonal coefficients of the inertia matrix are defined as is the dust emission at pixel i and K(i) is a kernel, which depends on the distance to the central pixel of the area A, defining the angular resolution of the computation of the inertia matrix. We use a Gaussian kernel with a full width at half maximum of 15 , which matches the angular resolution of the D 353 map used for the computation of the Hessian matrix, and a circular area A with a diameter of 30 . A good sampling of the brightness structure within the area A is needed to compute the sum in Eq. (A.4) with the required accuracy. The orientation angle θ I of the brightness structures is computed using Eq. (9), where the terms of the Hessian matrix are substituted by those of the inertia matrix. When the inertia matrix is computed on a small number of pixels, the map of θ I shows systematic patterns associated with the HEALPix pixelisation. To circumvent this problem, we use here for D 353 the full resolution map of Planck Collaboration XI (2014) at 5 resolution on a HEALPix grid with N side = 2048.
We computed the standard deviations of θ−θ I for our selected ridges, within bins of sky brightness with equal numbers of sky pixels. We found a fixed value of about 20
• , independent of the sky brightness (see the bottom panel in Fig. A.4) . The probability distribution of θ − θ I computed over our data selection is plotted in the top panel of Fig. A.4 . It is much narrower than the distributions computed when comparing the Hessian and polarization angles in Sect. 6. Finally, we also checked that the results of our data analysis are robust against removing from the analysis the pixels in the wings of the distribution of θ − θ I . or V M0 are along the line of sight and the angle between the projections of the two vectors onto the plane of the sky can have any value independently of the 3D angle. The impact of projection on the DF of polarization angles has also been quantified with numerical simulations (Falceta-Gonçalves et al. 2008 ).
B.2. Use of the models
The Gaussian models are used in different contexts, where the vectors V M and V M0 have different physical interpretations. In Sect. 5, we use the Gaussian models to interpret the DF of relative orientations between the local and mean magnetic field directions. In this case, V M is the direction of the local field and V M0 that of the background field assumed to be fixed over the sky. Here, f M is the ratio between the random, referred to as turbulent, and mean components of the magnetic field. In Sect. 6, we use the Gaussian models to interpret the DF of relative orientations between the magnetic field and ridges. In this case, V M is the orientation of the field and V M0 that of the ridge. Here, the parameter of the models is σ M , which measures the degree of alignment between the field and the ridges. In both cases, the statistics over the sky provide a homogeneous sampling of the relative orientation of the line of sight and the reference (the background magnetic field or the filaments) even when we do not introduce any variation of V M0 on the sky.
To study the orientations of the filaments with respect to the magnetic field, we run models with three different configurations for V M0 . In the first case, we fix the direction of V M0 . In the second case, we use two directions of V M0 perpendicular to each other, as explained in Sect. 7.2. In the third case, we run a model in which we set V M0 to 0 to quantify the impact of the projection when the magnetic field and the matter structures orientations are uncorrelated. This third configuration allows us to test whether or not, in the highest column density regions, the correlation between the magnetic field and the distribution of interstellar matter is lost. In Fig. B.4 , we present the maps of relative orientations between ψ M and θ, in the Taurus and Chamaeleon fields shown in Fig. 17 , for one realization of this model after applying the mask described in Sect. 4.2. Although these maps show black and white patterns, which resemble the data, we do not find any elongated and coherent structures such as those in Fig. 17, like • ) in red, and the weakest, f M = 0.5 (σ M = 15
• ), in green. Each DF is computed over the same set of pixels used for the data analysis. The plot shows the results for the index of the power spectrum −1.5. Fig. B.2 . Comparison of the distribution functions of relative orientations for the data, in black (see Fig. 8 ), and the Gaussian models with f M = 0.8, in grey, only considering the selected pixels. The two plots show five realizations of the Gaussian models with an angular power spectrum of power law index α M = −1.5 (left) and α M = −2.0 (right). Because of sample variance, the steeper power spectrum produces asymmetries and skewness in the distributions. Fig. B.3 . The distribution of angles between V M and V M0 per unit solid angle for f M = 1.2 and α M = −1.5, in black, is compared to the distribution of angles between the projections of the two vectors on the plane of the sky, in red. Due to projection effects the dispersion in 2D is larger than in 3D.
